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Electrochemical method for fluoride removal: Measurement, Speciation, and
Mechanisms
M uttucum aru  S ivaku m ar, M oh am m ad . M. E m am jom eh 1
Sustainable Water and Energy Research Group, School o f  Civil, Mining and Environmental Engineering, Faculty o f  
Engineering, University o f  Wollongong, Wollongong, NSW  2522, Australia
ABSTRACT:
Electrocoagulation/flotation (ECF) is a process of passing a steady electric current through a liquid to remove a 
known contaminant. When aluminium electrodes are used, the aluminium goes into solution at the anode and 
produces aqueous aluminium species and hydrogen gas is released at the cathode. The experimental results indicate 
that the pH o f solution is an important factor in the removal of fluoride. The optimal pH was found to be between 6
and 7.5. When pH<6, dissolved aluminium species such as (Al3+), Al(OH)2' and A l{ O H )*2 are predominant and 
aluminium hydroxide is tended soluble. However when pH>9, soluble species A lfOH V  is found to be predominant 
species. The strong presence o f the hydroxy-aluminium in the pH range o f 6-7.5, maximizes the formation of fluoro- 
hydroxide aluminium complexes and it is considered to be the main reason for defluoridation by electrocoagulation. 
The residual fluoride in such solutions may occur in different dissolved forms (F‘, A1F2+, A1F4') or finely 
precipitated to solid forms such as Al(OH)3_xFx . The composition of the sludge produced was analysed using X-ray 
diffraction (XRD) spectroscopy. XRD analysis shows confirmation that the removal mechanism is a competitive ion 
adsorption between OH' and F \ The dried sludge obtained by ECF shows the formation of Al(OH)3_xFx and provides 
confirmation for the main mechanism for fluoride removal.
KEYWORDS: Aluminium sludge characteristics, Fluoride removal mechanism, Monopolar Electrocoagulation- 
flotation (ECF), Speciation
1. Introduction:
Excessive amounts o f fluorides (between 1 .5 -4  mg/L) in water supplies are the cause of dental fluorosis, which 
makes teeth become rough, opaque and chalky white. When the fluoride concentration in drinking water is increased 
to more than 4 mg/L, fluorosis deformity at hips, knees and other joints are seen in skeletal fluorosis [1], However, 
consumption o f 1 mg/L fluoride concentration in drinking water is beneficial for dental health. It is accepted that 
long- term use o f low fluoride concentration (less than 0.5 mg/L) is the cause o f dental caries [2], Because o f the 
public health significance o f high fluorides consumption in drinking water, defluoridation is important. The 
maximum acceptable o f fluoride concentration in drinking water is 1.5 mg/L [3],
Fluoride pollution occurs through two different sources: natural sources and anthropogenic sources. In groundwater 
supplier, the natural concentration of fluoride depends on the geological, chemical and physical characteristics of the 
aquifer, as concentrations o f up to 38.5 mg/L have been reported in India [4], Some o f the water supplies can be 
polluted by discharging of industrial wastewaters in to the natural environment without any fluoride treatment, 
including effluent from glass manufacturing industries and semiconductor industries [5]. Several methods were 
studied globally for defluoridation of water, namely, adsorption [6-8], chemical precipitation [9-12], electrodialysis
[13], and electrochemical methods [14-17], Using chemical coagulants for precipitation is one o f the most essential 
processes in conventional water and wastewater treatment. However, the generation o f large volumes o f sludge, the 
hazardous waste categorization o f metal hydroxides, and high costs associated with chemical treatments have made 
chemical coagulation less acceptable compared to other processes. The electrocoagulation/flotation (ECF) process is 
receiving particular attention as it produces less waste sludge, and could replace the conventional chemical 
coagulation. ECF, which is an electrochemical technique, is the combination o f oxidation, flocculation and flotation. 
In its simplest form, an ECF reactor may be made up o f an electrolytic cell with one anode and one cathode and 
when a current is passed through the electrodes, electrolysis o f the water takes place and produces bubbles of 
hydrogen and oxygen gas. These bubbles float to the top o f the tank, they collide with particles suspended in the 
water on the way up, adhering to them and floating them to the surface of the water [14-15],
Some researchers [14-17] have demonstrated that electrocoagulation (EC) using aluminium anodes is effective in 
defluoridation. Shen et al. [17] reported that the mechanism o f the removal process was confirmed to be a 
competitive adsorption between OH' and F" when it was used as an electrocoagulation (EC) process followed by an 
electroflotation (EF) operation, but more investigation needs to be done. In order to elucidate this mechanism for a
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combined system (EC and EF), laboratory experiments have been conducted using a monopolar ECF process. The 
operational parameters were reported before by Emamjomeh et al. [18] . The main aim o f this research is to 
elucidate the mechanism o f fluoride removal in a batch monopolar ECF. In order to explore the mechanism o f F" 
removal, the characteristics o f the sludge and initial pH effects were studied.
2. Speciation and Mechanisms:
2.1 Aluminium speciation in water:
Aluminium can exist in surface and ground water in a number o f  different forms, which depend on pH, temperature, 
and the type of organic and inorganic elements in the raw water [19]. In the basic or acidic solution, aluminium ion 
will be found in anionic [Al(OH)4“] or cationic [Al(OH)2+] forms, respectively. The aqueous Al, in cationic form, 
can react with many o f the anions to form various Al complexes. In the absence o f significant concentrations of 
other anions the aqueous Al will form various hydroxyl complexes, as the relative amounts will depend on the 
solution pH and also on the initial concentration o f the Al in the solution [20]. The chemical reactions and 
equilibrium constants (K) used to illustrate the solubility relationships are summarized in Table 1.
Table 1. Predominant aluminium species in drinking water [21]
Reaction Log K°
A l3* + H 20<----->Al{OH)2* + h * -5
Al3* +2 H 20<----->Al(OH);+2H+ -10
A l3+ +3 H 20<-----*Al(OH)l  +3 H* -16.8
A l3* + AH20<-----> Al{OH)- + AH* -22.7
The solubility o f aluminium in equilibrium with solid phase Al(OH)3 depends on the surrounding pH. In the pH 
range o f  5 and 6, the predominant hydrolysis products are found to be Al(OH)2+ and Al(OH)2+. However the solid 
Al(OH)3 is most prevalent in the pH range o f 6 and 8.5. When pH is above 9, the soluble Al(OH)4‘ is the 
predominant species. MINEQL+ software [22] was utilized to illustrate in Figure 1 how different pH values would 
influence on the solubility o f aluminium hydroxide [Al(OH)3].
pH
Figure 1. Solubility of aluminium hydroxide at various pH values by using MINEQL+ software
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2.2 Aluminium -fluoride complexation:
The total aluminium content in water can be subdivided into three fractions [23]:
1. Acid-soluble aluminium, which includes forms o f aluminium that require acid digestion before analysis 
(polymeric, colloidal, and extremely stable organic and hydroxy organic complexes)
2. Non-labile (organic) monomeric aluminium
3. Labile (inorganic) monomeric aluminium.
Thermodynamic calculations indicate that aluminium fluoride complexes are generally the dominant inorganic 
aluminium species [24], The predominant Al-F species in aqueous solution at different pH values are shown in 
Figure 2. The rate of aluminium- fluoride complex formation is generally dependent on the pH range. MINEQL+ 
software was utilized to show how different pH values would influence the speciation of Al -  F complexes. As seen
in Figure 2, the fluoride complexes A1F2+, A I F 2 , A1F3, and A I F ^  predominate in the acid solution until Al(OH)3 
precipitates.
p H
Figure 2. The variation of AI-F species concentration in aqueous solution at different pH values (AI3+=1 x 10'6 
M, F"= 1 x 10’5 M, and T=25°C)
2. 3 Mechanisms of electrocoagulation/flotation (ECF):
In the electrocoagulation/flotation (ECF) process, Al electrodes are used instead o f Al salts such as Alum. The 
electrolytic dissolution o f Al anodes by oxidation in water produces aqueous Al3+ species [21] and the electrode 
reactions are outlined below:
, . 2 A L , ------- >2A1i++6e-Anodes: (•*) (1)
At the aluminium cathodes reduction takes place which results in hydrogen bubbles being produced by the following 
reaction:
Cathodes: 6H20  + 6e~-------» 3 / / 2(g) + 60H~ (2)
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The H2 bubbles float and hence drive the flotation process. The Al3+ ions further react as shown in Eq. 3 to a solid 
Al(OH ) 3  precipitate. Those precipitates form floes that combine water contaminants as well as a range o f coagulant 
species and metal hydroxides formed by hydrolysis:
2 Al3++6H20*  *2Al(OH)XS)+ 6 H + (3)
These coagulants destabilise and aggregate suspended particles or precipitate and adsorb dissolved contaminants. 
For example, the Al(OH )3  floe is believed to adsorb F  strongly [17], as shown by equation (4):
Al(OH )3 + xF ~ <----- - Al(OH),_x Fx + xOH~ (4)
3. Experimental Study:
3.1 Experimental setup:
A laboratory batch monopolar electrocoagulation reactor was designed and constructed [18]. In the electrochemical 
cell, five aluminium (purity o f A1 95-97% , Ullrich Aluminium Company Ltd, Sydney) plate anodes and cathodes 
(dimension 250x100x3 mm) were used as electrodes. The electrodes were connected using monopolar configuration 
in the electrocoagulation reactor. In the case of monopolar electrodes, individual electrochemical cells can be 
combined in assemblies by parallel coupling. These were dipped 200 mm into an aqueous solution (3.6 L) in a 
perspex box (dimension 300x132x120 mm). In the reactor, stirring was achived using a magnetic bar placed 
between the bottom o f the elecrodes and the box. The gap between the two neighbouring electrode plates was kept at 
5 mm.
3.2 Solution Chemistry
The influence o f the experimental design parameters on the defluoridation process was achieved with “synthetic” 
water (distilled water + NaF salt + NaCl + NaHCOs) in a batch reactor. Fluoride solutions were prepared by mixing 
sodium fluoride in deionized water. 1 M Sodium hydroxide or 1:5 hydrochloric acid solutions were added for pH 
adjustment. Sodium bicarbonate (5 x 1(T4 M) was added to maintain alkalinity.
3.3 Analytical techniques
Fluoride concentration was measured using the ionometric standard method [25] with a fluoride selective electrode 
(Metrohm ion analysis, Fluride ISE 6.0502.150, Switzerland). To prevent interference from the Al3+ion, T1SAB 
buffer [58 g o f NaCl, 57 mL of glacial acetic acid, 4 g 1,2 cyclohexylenediaminetetraacetic (CDTA), 125 mL 6N 
NaOH were dissolved and stirred in 1000 mL distilled water until pH 5.3 -  5.5 was reached] was added to the 
samples. Direct current from a DC power supply (0-30  V, 0-2.5 A, ISO-TECH, IPS-1820D) was passed through 
the solution via the five electrodes. Cell voltage and current were readily monitored using a digital power display. 
pH, and conductivity were measured using a calibrated pH meter and conductivity meter, respectively. The 
composition of sludge was analysed by X-ray diffraction (XRD) spectroscopy. The XRD measurements were 
carried out by the Philips no RN 1730 with CUKo source. The analysers were fitted by ICCD standard patterns and 
Trace 5 software. Pass voltage of 40 kV and current o f 20 mA were used for its spectra.
4. Results and discussion:
4.1 Effect of pH:
The initial pH is one of the important solution chemistry factors in terms o f raw water but also as a potential 
operational variable. pH will affect the speciation of A1 and hence has a significant influence on the defluoridation 
mechanism. Since aluminium hydroxide is an amphoteric hydroxide, pH is a sensitive factor to the formation of 
Al(OH ) 3  floes. Experiments were carried out for various pH ranges (3-10) keeping the initial fluoride concentration 
constant at 10 mg/L. The current density was maintained at 25 A/m2. The removal efficiency was calculated as a 
function o f pH and is shown in Figure 3. It can be seen that the fluoride removal efficiency increases slowly with 
increasing pH from 5 to 6. It remains unchanged between pH 6 -7 .5  and then on further increase of pH, it decreases.
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Figure 3. Effect of initial pH on the fluoride removal efficiency (Initial fluoride concentration = 10 mg/L, 
Current density = 25 A/m2, time =60 min)
The maximum removal efficiency was found to be in the pH ranges of 6 and 7.5. When constant pH was adjusted 
between range o f 9 and 10, due to formation o f A l { O H that is soluble and is useless for defluoridation, fluoride 
removal efficiency is decreased. No Al(OH)3 floe was observed visually when pH was beyond 10.
4.2 Characteristics of sludge:
The composition o f the sludge produced in the reactor was analysed using X-ray diffraction (XRD) spectrum at the 
adjusted pH range o f 6-7.5. A typical result, shown in Figure 4, indicates the composition o f dried sludge when the 
pH was adjusted to 7. The compositions of the sludge was studied in two steps, first by XRD and then by a trace 
analysis software. As seen in Figure 4, the strongest peaks appeared at degree 18 and 20, which were identified to be 
the aluminium hydroxide and aluminium fluoride hydroxide, respectively. When pH>8, OH’ ions increase in water. 
In the anodic adsorption layer, the concentration o f OH’ ions is higher than the concentration o f  F’, so production of
the complex A IF 63 ion becomes difficult; therefore, the reduction of fluoride from water at the pH range o f 6 and
7.5 is affected by the formation o f aluminium hydroxide floe. For the adjusted pH range of 6-7.5, sludge 
characterization results showed that residual fluoride in such solution may occur in precipitated solid forms such as 
Al(OH)3.xFx.
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Figure 4. Composition of dried settled sludge analyzed by XRD spectrum (Initial fluoride concentration = 10 
mg/L, Current density = 25 A/m2, time =60 min, pH =7)
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5. Conclusion:
A clear understanding of various interconnected processes including measurement, speciation, and mechanisms is 
required for successful scale-up of defluoridation process by electrochemical method. The experimental results 
showed that the pH of solution is an important factor for removing o f fluoride. When pH<5, dissolved aluminium 
(Al34) is predominant in the acidic condition and aluminium hydroxide is tended soluble. In the pH range of 5 and 6, 
the predominant hydrolysis products are found to be Al(OH)2+ and Al(OH)2+ when the solid Al(OH )3  is most 
prevalent in the pH range of 6 and 8.5.When pH is >9, the soluble Al(OH)4' is the predominant species. The results 
showed that the fluoride removal efficiency remains highest and remain unchanged between the adjusted pH range 
of 6 -7 .5  and then decreased when adjusted pH value is increased from 8 to 10. Thus weakly acidic condition is 
favoured in this treatment. The mechanism o f the removal process was confirmed to be a competitive adsorption 
between OH' and F' at adjusted pH range o f 6 and 7.5. The XRD analysis of the composition o f the dried sludge 
obtained by electrocoagulation process shows the formation o f Al(OH)3.xFx and provides confirmation for the main 
mechanism for fluoride removal.
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